Abstract: Asphalt concrete is a heterogeneous material composed of aggregates, binder cement, and air voids, and may be described as a cemented particulate system. The load carrying behavior of such a material is strongly related to the local load transfer between aggregate particles, and this is taken as the microstructural response. Simulation of this material behavior was accomplished using a finite element technique, which was constructed to simulate the micromechanical response of the aggregate/binder system. The model incorporated a network of special frame elements with a stiffness matrix developed to predict the load transfer between cemented particles. The stiffness matrix was created from an approximate elasticity solution of the stress and displacement field in a cementation layer between particle pairs. A damage mechanics approach was then incorporated with this solution, and this lead to the construction of a softening model capable of predicting typical global inelastic behaviors found in asphalt materials. This theory was then implemented within the ABAQUS finite element analysis code to conduct simulations of particular laboratory specimens. Experimental verification of the elastic response has included tests on specially prepared cemented particulate systems, which allowed detailed measurement of aggregate displacements and rotations using video imaging and computer analysis. Model simulations compared favorably with these experimental results. Additional simulations including inelastic behavior of laboratory indirect tension tests have been conducted, and while preliminary in nature these results also compared well with experimental data.
Introduction
Asphalt is a complex heterogeneous material composed of aggregate, binder/cement, additives, and void space. The load carrying behavior and resulting failure of such materials depends on many phenomena that occur at the aggregate/binder level. Thus the overall macrobehavior is determined by the micromechanics within the cemented particulate system. Additionally significant amounts of recycled asphalt product currently used in pavements further complicate this behavior by introducing several ageing effects such as hardening, chemical oxidation, and binder microcracking. Because of the heterogeneous multiphase nature of asphalt material, it is difficult if not impossible for traditional continuum mechanics to develop a theory that will adequately incorporate micromechanical processes to predict macrobehavior.
Over the past 2 decades, many studies have been investigating the micromechanical behaviors of particulate, porous and heterogeneous materials. For example, studies on cemented particulate materials by Dvorkin et al. ͑1994͒ and Zhu et al. ͑1996͒ provide information on the basic load transfer between particles that are cemented together. Such studies provide details on the normal and tangential interparticle load transfer, and would be fundamental in developing a micromechanical theory for load distribution and failure of such materials. Several recent applications of such contact-based micromechanical analysis for asphalt behavior have been reported by Gao ͑1997͒, Cheung et al. ͑1999͒ , and Zhu and Nodes ͑2000͒. In a related study, Krishnan and Rao ͑2000͒ used mixture theory and presented a multiphase approach to explain air void reduction in asphalt materials under load.
Recent numerical modeling of cemented particulate materials has generally used both finite and discrete element methods. The discrete element method analyzes particulate systems by modeling the translational and rotational behavior of each particle using Newton's second law with appropriate interparticle contact forces. Normally the scheme establishes an explicit, time-stepping procedure to determine each of the particle motions. Discrete element method studies on cemented particulate materials include the work by Rothenburg et al. ͑1992͒, Chang and Meegoda ͑1993͒, Trent and Margolin ͑1994͒, Buttlar and You ͑2001͒, Ullidtz ͑2001͒, and Sadd and Ghao ͑1997, 1998͒. In regard to finite element modeling ͑FEM͒, Stankowski ͑1990͒ applied standard FEM techniques to cemented particulate composites. Sepehr et al. ͑1994͒ used an idealized finite element microstructural model to analyze the behavior of an asphalt pavement layer. A common finite element approach to simulate particulate and heterogeneous materials has used the idea of repre- This paper presents a numerical modeling scheme for asphalt concrete based on micromechanical simulation using the FEM. The model first incorporates an equivalent lattice network approach whereby the local interaction between neighboring particles is modeled with a special frame-type finite element. The element stiffness matrix is constructed by considering the normal, tangential, and rotation behaviors between cemented particles, and this is accomplished using an approximate elasticity solution within the cementation interface. Although this network approach is similar to other reported models, it is the element stiffness equation which makes this work different from previous research. The inelastic softening behaviors exhibited by these materials are developed by incorporating a damage mechanics theory within the model. This theoretical formulation was then implemented into the commercial ABAQUS finite element analysis ͑FEA͒ code using user-defined elements. Experimental verification has included tests on specially prepared cemented particulate systems, which have allowed detailed measurement of aggregate displacements and rotations using video imaging and computer analysis. Numerical simulations have compared favorably with these experimental results for the elastic case. Additional simulations incorporating the softening-damage model have been made of standard laboratory indirect tension tests, and these preliminary results appear to be consistent with published experimental data.
Asphalt Material Model
Bituminous asphalt can be described as a multi-phase material containing aggregate, binder cement ͑including mastic and fine particles͒ and air voids ͑see Fig. 1͒ . The load transfer between the aggregates plays a primary role in determining the load carrying capacity and failure of such complex materials. In order to develop a micromechanical model of this behavior, proper simulation of the load transfer between the aggregates must be accomplished. The aggregate material is normally much stiffer than the binder, and thus aggregates are taken as rigid particles. On the other hand, the binder cement is a compliant material with elastic, inelastic, and time-dependent behaviors. Additionally, binder behavior can also include hardening, debonding, and microcracking, and these lead to many complicated damage mechanisms.
In order to properly account for the load transfer between aggregates, it is assumed that there is an effective binder zone between neighboring particles. It is through this zone that the micromechanical load transfer occurs between each aggregate pair. This loading can be reduced to resultant normal and tangential forces and a moment as shown in Fig. 1 .
In order to model the interparticle load transfer behavior, some simplifying assumptions must be made about allowable aggregate shape and the binder geometry. Aggregate geometry has been studied for many years, and recently some work has been conducted on quantifying particle size, shape, angularity, and texture. However, for the present modeling only size and shape will be considered. In general, asphalt concrete contains aggregate of very irregular geometry as shown in Fig. 2͑a͒ . Our approach is to allow variable size and shape using an elliptical aggregate model as represented in Fig. 2͑b͒ . The FEM uses an equivalent lattice network approach, whereby the interparticle load transfer is simulated by a network of specially created frame-type finite elements connected at particle centers as shown in Fig. 2͑c͒ . Using terminology from granular materials research, the material microstructure or fabric can be characterized to some extent by the branch vector distribution which are the directed line segments from adjacent particle mass centers. Thus the proposed finite element network coincides with the branch vector distribution.
Finite Element Network Model
The network model uses a specially developed, two-dimensional frame-type finite element to simulate the interparticle load transfer. These two-noded elements have the usual 3 degrees-offreedom ͑two displacements and a rotation͒ at each node and thus require a 6ϫ6 stiffness matrix to relate nodal ͑aggregate͒ motions to the applied forces and moments. Thus the element equation is written as
where U i , V i , and i ϭnodal displacements and rotations; and F .. and M . ϭnodal forces. The usual scheme of using bar and/or beam elements to determine the stiffness terms is not appropriate for the current modeling, and therefore these terms were determined using an approximate elasticity solution from Dvorkin et al. ͑1994͒ for the stress distribution in a cement layer between two particles. We use the special case where the particle material stiffness is much greater than that of the cement layer, and thus the particles are assumed to be rigid. Dvorking has shown that effects of nonuniform cement thickness are generally small, and so the analytical solution for the uniform cementation was used.
The two-dimensional model geometry is shown in Fig. 3 . Note that we are allowing arbitrary nonsymmetric cementation, and thus the finite element line will not necessarily pass through the center of the binder material. Thus in general, wϭw 1 ϩw 2 , but w 1 w 2 w/2, and an eccentricity variable may be defined by e ϭ(w 2 Ϫw 1 )/2. The stresses x , z , and xz within the cementation layer can be calculated for particular relative particle motion cases involving normal, tangential, and rotational deformation. These stresses can then be integrated to determine the total load transfer within the cement binder, thus leading to the calculation of the various stiffness terms needed in the element equation. The details of this process have been previously reported by Sadd and Dai ͑2001͒, and the final result is given by
where K nn ϭ(ϩ2)w/h 0 ; K tt ϭw/h 0 ; and ϭusual elastic moduli; h 0 ϭaverage cementation thickness between the particle pair; r 1 and r 2 ϭradial dimensions from each aggregate center to the cementation boundary; w 1 and w 2 ϭcementation widths; and eϭ(w 2 Ϫw 1 )/2. Thus the elastic stiffness matrix for each particle pair is established, and it is clearly a function of the micromechanical material variables including particle size, shape and location, and cementation geometry and moduli. Using this simulation scheme for an asphalt sample would generate many elements with significant variation in element properties depending on the sample's microstructure. In order to simulate the inelastic and softening behaviors observed in asphalt materials, a damage mechanics approach is to be applied within the interparticle cementation model. Although work on such a damage model has been previously reported by Zhong and Chang ͑1999͒, the approach by Ishikawa et al. ͑1986͒ was found to be more useful for our FEM. The theory was originally developed for concrete materials whereby the internal microcracks within the matrix cement and around the aggregates are modeled as a continuous defect field. Inelastic behavior is thus developed by the growth of damage within the material with increasing loading. A damage tensor ͓⍀͔ is defined by considering the reduction of the effective area of load transfer within the continuum. The total strain field is defined as the sum of the elastic and damage strains
and thus the elastic constitutive relationship can be expressed as
where ͓D 0 ͔ϭinitial elastic stiffness matrix.
The damage strain represents the difference between the total and elastic strains and can be written as
This leads to the development of a damage stiffness matrix ͓D s ͔ defined by ͕͖ϭ͓͑I͔Ϫ͓⍀͔͓͒D 0 ͔͕͖ϭ͓D s ͔͕͖
The damage stiffness matrix can be obtained from the initial elastic stiffness matrix In order to characterize the nonlinear damage behavior of asphalt, we choose a particular exponential model, and this form leads to a uniaxial constitutive behavior during the hardening response expressed as 
After maximum strength the softening behavior is taken as
where mϭmaterial parameter; and the damage stiffness D s and the damage scalar ⍀ become
An example of uniaxial stress-strain response corresponding to this particular constitutive model is shown in Fig. 4 for the case of 0 ϭ0.3, bϭ5, and mϭ1. This damage modeling scheme was incorporated into the finite element network model by modifying the microframe element stiffness matrix given in Eq. ͑2͒. Using relation ͑9͒, the damage stiffness terms for the hardening behaviors can be written as
Ϫb͑⌬u t /⌬U t ͒ and using Eq. ͑11͒ the corresponding damage softening stiffness are given as
where ⌬u n and ⌬u t ϭnormal and tangential accumulated relative displacement; and ⌬U n and ⌬U t ϭnormal and tangential displacement softening criteria. Thus the element damage stiffness matrix ͓K s ͔ is found by replacing K nn and K tt with (K nn ) s and (K tt ) s . The initiation of binder softening behavior for tension, compression, and shear is governed by softening criteria based on accumulated relative displacements between particle pairs. A simple and convenient scheme to determine the softening criteria is based on using the dimensions of the interparticle binder geometry in the form
⌬U t ϭc tt w where c nt ,c nc ,c tt represent tension, compression, and shear softening factors, which are constants that can be determined from experimental data and are expected to be in the range of 0-1. Since the cementation geometry h 0 and w will in general be different for each particle pair, it is expected that each element will have different softening criteria related to its local microstructure. For compressional behavior between particle pairs, the cementation spacing will decrease with load increment. Eventually, softening behavior will be initiated and the total element stiffness will significantly decrease. This will lead to the closing of the cementation gap when ⌬u n (c) ϭh 0 , thus creating contact between the aggregates. At this point the element normal stiffness must be modified to account for this change of physics. The aggregate-toaggregate stiffness would be significantly higher than the cementation elastic stiffness and currently the model uses a contact stiffness 3 orders of magnitude larger than the elastic stiffness.
This softening modeling scheme was incorporated in the ABAQUS finite element code using the nonlinear user defined element ͑UEL͒ subroutine. In the ABAQUS analysis, displacement control boundary conditions were employed and the modified Riks method was used in order to provide a more stable solution scheme. Also, because aggregate ͑nodal͒ displacements became sizeable, the mesh geometry was updated during each load increment.
In order to simulate the micromechanical behavior of asphalt materials, it was necessary to create particular idealized asphalt materials with appropriate microstructural geometry. A MATLAB material generating code has been developed to provide a controllable numerical scheme to create a variety of model asphalt materials. The code creates and spatially distributes aggregate particles of circular or elliptical shape in regular or random locations. Rectangular strips of binder material of particular geometry and mechanical moduli are then created between appropriate neighboring particles. The amount of binder and thus the material porosity can be controlled in this fashion. The generating code also develops model geometric and material property files needed as input to the simulation code.
Experimental Verification
In order to verify the finite element simulation model for the elastic case, experiments were conducted on two idealized specimens. The samples were cast plates of soft polyurethane matrix with embedded aluminum particles fabricated in geometries to simulate compression and indirect tension ͑IDT͒ tests as shown in Fig. 5 . Sample aggregate size, shape, and volume fraction were chosen to allow for easy data collection and provide effective comparisons with model results. The samples were not designed to model actual asphalt materials.
Consistent with the modeling assumptions, the stiffness of the aluminum particles was several orders of magnitude higher than that of the matrix. The compression specimen was of square shape (150ϫ150 mm) with a thickness of 12 mm and included 25 elliptical particles of identical shape (19ϫ12.2 mm) arranged in random locations in the matrix as shown. The IDT sample was of circular shape (Dϭ125 mm and 12 mm thick͒ with 37 embedded particles of circular ͑15 mm diameter͒ and elliptical (19ϫ12.2 mm) shape. All particles were tagged with markers to track their displacement and rotation during loading. As can be observed from the figure, these markers provided two orthogonal high contrast lines that intersect at the particle's center. The aggregate volume fraction was 28% for the compression sample and 47.5% for the IDT specimen. During compression loading, samples were placed between two Plexiglas sheets in order to prevent out-of-plane motion. A sample of the matrix material was tested independently to determine the elastic compressive modulus of Eϭ4.5-5.0 MPa, while the value of Poisson's ratio was estimated from previously published data as ϭ0.48.
Photographs where taken at various loadings in order to capture particle displacement data to be used for model comparisons. Photographic data were analyzed using an image analysis software code written in MATLAB. The code was used to detect the edges of the particle markers by fitting a line through 20-30 determined edge points. The intersection of the two lines then determined the particle center, and the angular orientation of either line provided information on the particle rotation. This experimental deformation data for each specimen under a particular compressive load is shown in Fig. 6 .
Using our network finite element modeling code, numerical simulations of each sample have been conducted. The generated models shown in Fig. 7 had the same geometry ͑sample thickness and particle sizes and layout͒ as the experimental samples. Experimental loading of the compression sample was made through the boundary matrix material, and this fact introduced additional modeling approximation since the simulation scheme handles loadings only through nodal forces or displacements applied at particle centers. For this case, particular boundary particle displacements from the experiments were used as input in the model, and the resulting interior particle displacements were calculated from the simulation. For the IDT sample, the test loading conditions are applied directly on boundary particles, and so the model more directly simulates this experiment.
For the compression model, the cement-binder widths were made equal to 60% of the minimum projected particle axis perpendicular to each of the respective branch vectors, and the eccentricity was taken as eϭ(w 2 Ϫw 1 )/2ϭ0.2. Moduli of the binder cementation were chosen to match values of the polyurethane, i.e., Eϭ5 MPa and ϭ0.48. For the IDT simulation, the element properties were chosen to reflect an effective interparticle binder load transfer for a fully filled case. Furthermore, the exterior boundary elements on the IDT specimen represent a less stiff effective medium when compared to interior elements. The particular moduli values used for each type of element were: E interior ϭ5.2 MPa, interior ϭ0.48, E exterior ϭ4.5 MPa, and exterior ϭ0.46.
Results of the model simulations were compared with experimental data for the horizontal, vertical, and rotational displacement components for each of the N particles ͑aggregates͒ under study. Difference measures for each of these components are defined by
It was found that these differences were in the range of 1.5-7%, thus indicating good agreement between simulations and experiments for the elastic case.
Indirect Tension Test Simulations
In order to apply the developed model to asphalt materials, simulations have been conducted on the IDT geometry, an example previously shown in Fig. 7 . The test is used to determine the tensile or splitting strength of bituminous materials, and the sample geometry involves a cylindrical specimen which is loaded diametrically in compression. Under the assumption of uniform loading through the thickness, a two-dimensional circular cross section may be used for numerical simulation. In order to simulate the IDT elastic response, two particular models ͑shown in Fig. 8͒ have been created with different internal microstructure. Both model samples had a nominal diameter of 101 mm ͑4 in.͒ and thickness of 70 mm ͑2.75 in.͒, which are typical dimensions used in laboratory testing. Model 1 used a variable aggregate size distribution of 71 circular particles in groups of 14, 11, 7, and 4 mm to approximate an actual sample gradation curve. Likewise Model 2 had 96 particles from Groups of 14, 11, 7, 4, and 2 mm. These particle size distributions are compared with an actual sample gradation curve in Fig. 9 , and it is observed that Model 2 has a higher percentage of fine particles. Other model data are given in the Fig. 8 . Model boundary conditions constrain both horizontal and vertical displacements of the bottom aggregate͑s͒, while the top particle͑s͒ accept the applied vertical loading or displacement.
A series of numerical IDT simulations were conducted for each of these models using different values of binder moduli, and the results are shown in Fig. 10 . Variation of the binder properties was established from earlier studies by our research group on using blends of recycled asphalt ͑RAP͒ in sample mixes. The percentage of recycled product has been correlated with the initial elastic modulus, and the particular percentage-modulus values are given in the figure caption. For the case with identical binder properties, Model 2 gives a slightly higher load-deflection sample stiffness when compared with Model 1. Thus as expected the finer material provides additional stiffening based on the added micromechanical network elements. However, in actual asphalt materials other mechanisms ͑for example, stone-to-stone contact͒ can lead to the case of stiffer behavior for coarse mixes.
Since the recycled material has higher stiffness, as the amount of included RAP material is increased, the overall specimen stiffness increases for each model. Preliminary IDT simulations of the inelastic softening behavior were conducted on the numerical sample shown in Fig. 11 . This model had a total of 65 particles ͑in four particle size groupings͒ and 201 finite elements. The overall dimensions of the numerical sample were diameterϭ105 mm and thicknessϭ63 mm, and these were specifically created to allow comparison with experimental test data. The boundary conditions used displacement control whereby the bottom pair of particles was fixed in both horizontal and vertical directions while the top particle pair was given prescribed incremental vertical displacements. Two simulations referred to as Models 3 and 4 were conducted on this sample using material parameters Eϭ71.5 MPa, ϭ0.3, bϭ2, and m ϭ1. Model 3 was conducted under the case of a 10 mm vertical boundary displacement with softening factors of c nt ϭ0.1, c nc ϭ0.2, and c tt ϭ0.2, while Model 4 was loaded under 15 mm of vertical displacement with c nt ϭ0.1, c nc ϭ0.33, and c tt ϭ0.2. The simulation results of the vertical force versus sample displacement for each model are shown in Fig. 12 . It can be observed that Model 3 with the lower value of element softening factor, had slightly more initial softening and thus developed a lower maximum load.
Experimental IDT data have been collected on a series of actual asphalt samples prepared under Marshal mix design methods. The material had 30% recycled product, 5.4% asphalt content, and 5-8% air voids. Specimen dimensions include diameter ϭ100 mm and thicknessϭ63 mm, which were approximately the same as the numerical sample. Load-displacement results of three different tests are shown in Fig. 13 . A comparison simulation was conducted on the numerical sample shown in Fig. 11 using material parameters Eϭ75 MPa, ϭ0.3, bϭ2.5, and m ϭ0.7. This numerical model was loaded under 9 mm of vertical displacement with softening factors c nt ϭ0.1, c nc ϭ0.2, and c tt ϭ0.15. Comparing the numerical simulation results with the ex- perimental data in Fig. 13 indicates a reasonable match. It should be pointed out that our choice of the elastic modulus was based on independent compressional test data of specially prepared samples of asphalt cement and fine material ͑50-200 sieve size͒. However, softening parameters were either estimated from expected values or chosen to provide a good fit with the experimental data. A more fundamental way to determine the softening factors used in relation ͑14͒, would be to subject a single pair of cemented particles to tension, compression, and shearing deformation tests. Isolating such a pair of particles could be done by machining a standard cylindrical sample. Conducting the required controlled deformations would represent a more challenging task.
Conclusions
A two-dimensional micromechanical model has been developed to simulate the behavior of asphalt concrete. Such materials are composed of aggregates, binder cement, and air voids, and thus contain considerable microstructure or fabric. The asphalt microstructure was incorporated into the model by replacing the aggregate-binder system with an equivalent finite element network that represents the load-carrying behavior between aggregates in the multiphase material. These network elements were specially developed from an elasticity solution for cemented particulates originally proposed by Dvorkin et al. ͑1994͒. Incorporating a damage mechanics approach with this solution allowed the development of a softening model capable of predicting typical global inelastic behaviors found in asphalt materials. This theory was then implemented within the ABAQUS FEA code using the UEL subroutine. The modeling also developed a material generating code, which was used to create aggregate-binder systems with varying degrees of microstructure to represent model cemented aggregate materials.
Experimental verification studies were conducted on specially prepared cemented particulate systems including a compression sheet and an indirect tension sample. These experiments allowed detailed measurement of aggregate displacements and rotations using video imaging and computer analysis. Model simulations of these tests gave results that compared favorably ͑within 1.5-7%͒ with the experimental data.
Additional simulations were made on IDT samples with various microstructures and material properties. A pair of identical global size samples was created with different aggregate gradation. Elastic load-deflection behaviors of these two samples were compared to demonstrate the gradation-microstructural effect, and results indicated that the sample with the higher percentage of fine aggregate had a slightly higher stiffness. Simulations of these two samples with variation of the binder moduli were also conducted. Values of the binder moduli were determined from previous work on RAP, and the higher percentage of RAP corresponded to stiffer binder moduli. The model predictions indicated a stiffer load-deflection response with higher binder moduli. However, it should be noted that these elastic results do not take into account aggregate-to-aggregate contact. Such particle contact would bring other micromechanical behaviors into play and modify these results.
Finally, preliminary inelastic IDT simulations were conducted using the damage mechanics model. Two simulations were made with displacement boundary control for samples with different microsoftening strains. The sample with the higher softening strain had more hardening behavior and gave a higher maximum load before global specimen softening. As reported in previously published work, strains in the binder are considerably larger than the overall macroscopic strain in the IDT sample. Comparison of numerical simulation with experimental data indicated a reasonable match, but further studies of this inelastic behavior are needed to justify the particular softening model. Additional simulations are currently underway to investigate the effects of microstructure ͑fabric͒ and binder material parameters on the numerical predictions. Future experimental work will include verification of aggregate displacements and rotations for the inelastic-softening response and characterization studies of the inelastic/damage binder behavior.
Some writers have used continuum elements to simulate asphalt concrete. For a two-dimensional model, this is commonly accomplished by using conventional triangular or quadrilateral elements for the binder and aggregate material. In fact, we have also conducted such work using rigid elements for the aggregate material and four-noded quad elements for the binder. Comparisons for the elastic response between this conventional approach and the network model indicated very good agreement. Arguments can be made that sufficient continuum elements may simulate the micromechanical binder behaviors more accurately than the network approach presented in the current work. However, an important comparative issue in using continuum elements versus the network approach lies in the larger number of elements necessary to conduct a continuum element simulation. While this increase may not be overly significant for two-dimensional modeling, it will play a much greater factor in three-dimensional cases. Although the network approach does not attempt to address all fine micromechanical details, it is felt that the modeling scheme does capture sufficient interparticle behavior to provide a useful tool in understanding asphalt materials. Ultimately, accuracy questions on such micromechanical modeling must be answered through comparisons with experimental data.
